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ABSTRACT
We develop stellar population models to predict the number of binaries with a single
luminous member is Gaia and Hipparcos. Our models yield dozens of detections of
black hole - luminous companion binaries (BHLC) and hundreds to thousands of neu-
tron star - luminous companion binaries (NSLC) with Gaia. Interestingly, our models
also yield a single detection of BHLC binary with Hipparcos, and a few NSLC bina-
ries. We also show how the statistical distribution of detected binaries with a single
luminous companion can be used to constrain the formation process of neutron stars
and black holes.
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1 INTRODUCTION
The Gaia mission (Prusti et al. 2016) is expected to pro-
vide a picture of our galaxy with unprecedented detail. In
this paper we consider the prospect of detecting compact ob-
jects in binaries according to the astrometric motion of their
luminous companions. These include neutron stars (NSLC)
and black holes (BHLC). This idea was originally explored
in Mashian & Loeb (2017) for BHLC binaries. That work
estimated 105 such binaries will be detected by Gaia. Later
works included the effects of natal kicks (Breivik et al. 2017)
and extinction (Yamaguchi et al. 2018). Each of these con-
siderations reduces the expected number of BHLC binaries
orders of magnitude. We note that each of these effects was
considered separately. In this work we include extinction and
consider different natal kick prescriptions on the BHLC and
NSLC systems for the first time.
A point that was not addressed by previous studies is
that those same models can be applied to Gaia’s predecessor
- Hipparcos (Perryman et al. 1997; Eyer et al. 2012). We note
that binaries with a single luminous companion have not
been reported in the Hipparcos catalogue (Lindegren et al.
1997), but this might be due to the fact that they were not
expected. To demonstrate the capability of Hipparcos, let
us consider the following example: the recently discovered
? The dark passenger is a motif in the Dexter book series by Jeff
Lindsay. It is describe as a separate entity in the protagonist’s
psyche that forces him to behave in an abnormal way, and is the
result of a sever childhood trauma. We thought the analogy is
appropriate for the astrophysical case.
† E-mail: almog.yalin@gmail.com
BHLC candidate (Thompson et al. 2018) is at a distance
of about 2.4 kpc and its apparent magnitude is about 13.
A lower limit on the total mass of about 5 M, combined
with a period of about 83 days, yields a lower limit on the
semi major axis of about 0.6 AU. Had it been at a distance
0.6 kpc, its magnitude would have been below 10 and its
angular separation would exceed 1 mas, so it would have
been detected with Hipparcos. This suggests that Hipparcos’
probability of detecting such systems is non-negligible.
Some of the uncertainties in modelling the population
of BHLC binaries have to do with the formation channels of
black holes. The current understanding is that stellar mass
black holes supersede massive stars, as a result of a super-
nova, failed supernova or direct collapse (Heger et al. 2003;
Adams et al. 2017). In general, the mass of the compact rem-
nant is understood to increase with the initial mass of the
progenitor and to decrease with the metallicity, but accord-
ing to some models, there might be regions in the parameter
space where this trend is reversed (Belczynski et al. 2010).
Other models suggest that black hole formation only occurs
for progenitors whose masses lie within a number of isolated
mass ranges (Mirabel 2016).
The situation is further confounded by the observational
data, which suggest that the distribution of black holes peaks
at around 8 M, and is deficient in lower masses (O¨zel et al.
2010; Farr et al. 2011; Kreidberg et al. 2012).
It might be possible to obtain information about black
hole formation channels by considering neutron stars, as
both can form in supernova explosions. Early observations
suggested that neutron stars receive natal kicks, and that
the velocity is distributed according to a Gaussian with zero
mean and a dispersion of about 260 km s−1 (Hobbs et al.
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2005). Newer observations suggest there might be another
population of neutron stars, of which the kick velocities fol-
low a double peaked Gaussian distribution but with smaller
dispersions of just 77 km s−1 for 0.42 of the systems and
320 km s−1 for the rest (Verbunt & Cator 2017). Double neu-
tron star binaries exhibit a somewhat similar doubly peaked
kick distribution, with roughly two thirds of the systems ex-
periencing kicks lower than 30 km s−1 and others exhibiting
larger kicks, consistent with the regular neutron star popu-
lation (Beniamini & Piran 2016; Tauris et al. 2017). It is not
unreasonable to assume that black holes experience similar
natal kicks, although there is no consensus about the mag-
nitude of those kicks.
To explore these ideas, we developed a Monte Carlo sim-
ulation that generates a synthetic population of binaries.
The properties of the binaries in the synthetic population
were determined according to empirical distribution func-
tions. We then filtered out only those binaries that can be
detected by either the Hipparcos or Gaia mission.
This paper is organised as follows. In section 2 we de-
scribe the model according to which we generate a synthetic
population of stars. In section 3 we describe the conditions
according to which whether a given system can be detected
by either mission. In section 4 we present the results and we
conclude in section 5.
2 SYNTHETIC POPULATION MODEL
In this section we describe the different models we use in or-
der to randomise a synthetic population of NSLC and BHLC
binaries. The exact details are explained in the original pa-
pers (Mashian & Loeb 2017; Breivik et al. 2017; Yamaguchi
et al. 2018), but we repeat the important relations for com-
pleteness.
2.1 Binary Fraction
We assume that the binary fraction is 50% and remains
constant regardless of the mass of the primary (Sana et al.
2012b; Yamaguchi et al. 2018).
2.2 Initial Primary Mass
We assume a Salpeter initial mass function dNdM ∝ M−2.35
(Salpeter 1955) for the initial mass of the primary. For
BHLC we focus on systems of which the primary initial mass
is in excess of 20 M, as lower mass stars are assumed not to
produce black holes. For NSLC we focus on system where the
initial mass of the primary is between 8 and 20 M. More
sophistical variations of this model exist in the literature
(e.g., Kroupa 2001; Chabrier 2003), but the main difference
between them and the classical Salpeter initial mass func-
tion is in the range of low masses, whereas the focus of this
work is in the high mass range, where all models have the
same slope.
2.3 Initial mass ratio
The initial mass ratio between the companion and the pri-
mary stars, q ≤ 1, is assumed to be drawn from a uniform
distribution (Sana et al. 2012a; Ducheˆne & Kraus 2013).
The maximum value of the ratio is one when both primary
and companion have the same mass, and the minimum is
determined from the condition that the companion is more
massive than 0.08 M, i.e. the dividing line between stars
and brown dwarfs (Kumar 1962).
2.4 Initial Semi Major Axis
The distribution of the initial semi major axis A is loga-
rithmically flat (Sana et al. 2012a; Ducheˆne & Kraus 2013).
This distribution is sometimes referred to as O¨pik’s law. The
maximum value of the semi major axis is about 1000 AU.
Binaries with a larger separation will be torn apart by the
tidal forces of the galaxy (Connelley et al. 2008). The min-
imum separation is the Roche radius of the primary in the
main sequence phase (see section 2.9 for more details). We
note that since this distribution is so wide, the results de-
pend only weakly on the exact value of the cut-off.
2.5 Initial Eccentricity
We assume that all binaries start out with a flat eccentricity
distribution in the range 0 < e < 1 (Ducheˆne & Kraus 2013).
2.6 Position in the Galaxy
We only consider stars in the disc component of the galaxy.
The distribution of stars follows ρ0 exp [− (r − r0) /hr − z/hz ]
where z is the distance from the galactic plane, r is the
distance from the symmetry axis of the galaxy, r0 ≈ 8kpc
is the distance from Earth to the galactic centre, ρ0 = 0.1
pc−3 is the local stellar number density, hz = 250 pc and
hr = 3.5 kpc (Bahcall & Soneira 1980). The last coordinate
is the rotation angle along the galactic centre, between the
line connecting the star to the rotation axis of the galaxy,
and the line connecting our solar system to the rotation
axis of the galaxy. This angle is assumed to be distributed
uniformly between 0 and 2pi.
2.7 Relic Mass
To estimate the relic mass we rely the results of numeri-
cal simulations of Belczynski et al. (2008). Progenitors with
masses below 20 M yield neutron stars with a roughly con-
stant masses around 1.5 M. Above 20 M a black hole forms
instead of a neutron star, and its mass Mr can be related to
the mass of the progenitor through (Yamaguchi et al. 2018)
Mr = 2
ln (M1/M − 19)
ln 3
+ 2 . (1)
We note that although most neutron stars have masses
that are close to the value we chose, a few have much smaller
mass. One example is PSR J1518+4904, which mass is be-
low 1.17 M (Janssen et al. 2008), and also below the Chan-
drasekhar mass.
2.8 Age and Lifetime
We assume a constant star formation rate throughout the
lifetime (1010 years) of the galaxy (Belczynski et al. 2002).
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To calculate the main-sequence lifetime of each star we use
the model by Hurley et al. (2000) with metalicity Z=0.02.
The lifetime of the system as a BHLC binary is therefore
approximately the main-sequence lifetime of the secondary
minus the main-sequence lifetime of the primary.
2.9 Main Sequence Stellar Radii
The relation between the stellar mass M and stellar radius
R, for masses in excess of 1.7M, is given by (Demircan &
Kahraman 1991)
R = 1.6
(
M
M
)0.83
R (2)
We use the radius of the companion to check for Roche
lobe overflow after the primary collapsed to a black hole.
Such a system will either appear as an X ray binary, or will
undergo common envelope evolution, which will reduce the
period to below the detectable range. We also use it to filter
out binaries whose initial separation is smaller than the main
sequence Roche radius of the primary. Binary interaction at
this early age and that close will either lead to a merger
(Sana et al. 2012a) or a surviving binary on an orbit too
tight to be detected.
2.10 Apparent Magnitude and Extinction
Since the Gaia band is similar to the standard Johnson V
band, we will use the latter to calculate the magnitudes.
The relation between stellar mass and absolute magnitude
(MV ) is given by the table in Pecaut & Mamajek (2013). To
account for the extinction effect, we assume that the mag-
nitude increases by one for every kpc (Trumpler 1930). In
this work we neglect the contribution of post main sequence
phases (see detailed discussion in the appendix A)
2.11 Binary Evolution
Binaries with a small enough initial semi major axis ex-
change mass and alter their orbital parameters. This critical
separation depends on the maximum radius the primary at-
tains after the main-sequence stage. As a conservative limit
we consider here a lower limit for this radius, we take the
radius of the largest known star, UY Scuti, which is 1700
R (Arroyo-Torres et al. 2013)1.
In the case of a binary with similar initial individual
masses, the mass transfer will start out unstable, but will
stabilise when the companion becomes more massive than
the primary. We adopt the threshold at a mass ratio q = 0.5
(Yamaguchi et al. 2018). The ratio between the final and
initial semi major axes is (Yamaguchi et al. 2018)
Af
Ai
=
1 + 2q + k
2k3/2(q + 1)
(
1−k
2q + 1
)3 (3)
where k = Mr/M1 is the ratio between the remnant and
1 In fact the maximum radius is expected to depend only weakly
on the stellar mass, and the limit above, provides a good estimate
for the true value
primary masses. As a result of the mass transfer, the mass
of the companion increases by
∆M2 = 0.5 (1 − k)M1 (4)
In the case of a binary with very different masses (i.e. initial
mass ratio smaller than 0.5) the mass transfer is unstable,
and the companion spirals into the envelope of the primary
and expels it. The ratio between the final and initial semi
major axes is given by (Yamaguchi et al. 2018)
Af
Ai
=
[
2 (1 − k)
αλrlkq
+
1
k
]−1
(5)
where rl = RL/Ai , RL is the radius at which Roche lobe over-
flow occurs and αλ is the efficiency of expelling the envelope
of the primary (Ivanova et al. 2013). We consider two vari-
ants: αλ = 1 and αλ = 0.1, as these values bind most values
inferred from observations (De Marco et al. 2011).
2.12 Natal Kicks
There is little observational information for natal kicks of
black holes. There is, however, information about natal kicks
for neutron stars. The observational distribution function of
the magnitude of the velocity peaks at zero, and declines like
a Gaussian with a width of 260 km/s (Hobbs et al. 2005).
The orientation is also random, with uniform distribution for
the angle. In this work we take after Breivik et al. (2017);
Janka (2013) and explore three variations for the kick model
(i) No kick velocity
(ii) Kick velocity with the same momentum as neutron
stars
(iii) Kick velocity with the same velocity as neutron stars
We assume that prior to the kick, both stars in the binary
moved in circular orbits. The effect on the semi major axis
and eccentricity are calculated using conservation of angu-
lar momentum and energy from the moment after the col-
lapse to the eventual Keplerian orbit (Postnov & Yungelson
2014). We further assume that due to the short lifetime of
the primary, other changes in the orbital parameters can be
neglected.
3 DETECTION CRITERIA
In the previous section we described how we generate a syn-
thetic population of binaries. In this section we describe the
necessary conditions for detection by either Gaia or Hippar-
cos.
3.1 Physical Constraints
3.1.1 Age and Lifetime
The lifetime of the system as a NSLC or BHLC must be
larger than its age.
3.1.2 Eccentricity
We assume that a binary retains its initial eccentricity un-
less it enters a common envelope phase, in which case the
eccentricity vanishes. Another way in which the eccentricity
MNRAS 000, 1–8 (2015)
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can change is as a result of natal kicks. Furthermore, if the
eccentricity becomes larger than unity, then the two stars
are no longer mutually bound.
3.1.3 Semi Major Axis
We filter out cases where the terminal semi major axis is
smaller than the Roche radius. Closer binaries are assumed
to be either X ray binaries, or to have merged. In either case,
such binaries are irrelevant for this study.
3.2 Hipparcos
3.2.1 Magnitude
Hipparcos can observe stars up to magnitude 12.4.
3.2.2 Mission Duration and Cadence
The Hipparcos mission lasted for about 4 years, during
which it revisited the observed objects 110 times. There-
fore, binaries with periods above about two years and below
about a month will not be identified.
3.2.3 Precision of Proper Motion
Even when a a luminous companion in a binary is detected,
and the orbital parameters determined, the uncertainty in
the mass of the dark companion might prevent ruling out
compact objects other than a black hole, i.e. neutron stars
and white dwarfs. Given the period P, distance to the binary
d, ratio between semi major axis and distance, θ and the
mass of the companion M2, the mass of the remnant Mr is
obtained by solving(
P
1year
)−2 ( θd
1AU
)3
=
M3r
(Mr + M2)2 M
. (6)
The remnant mass Mr depends on four variables: M2, d, θ
and P. The relative (or logarithmic) uncertainty of the first
two scales as ∆θ (since the distance depends on parallax
and the companion mass depends on distance), while the
relative uncertainty of the two others scales as ∆θ/θ as they
are pertinent to the binary. Since θ is a small number, we
neglect the uncertainties in M2 and d and only consider the
uncertainties in θ and P. In most cases the companion mass
is expected to be much larger than the remnant, in which
case Mr ∝ θ/P2/3 and so the relative uncertainty in remnant
mass is given by
∆Mr
Mr
≈ 5
3
∆θ
θ
. (7)
we adopt a detection threshold of a single standard devia-
tion. For Hipparcos, the angular precision ranges from about
0.7 to 3 mas, depending on the apparent magnitude. We
also make the conservative assumption that the critical mass
above which a dark companion can only be a black hole is 3
M (Yamaguchi et al. 2018). Some studies suggest that this
mass might be closer to 2 M (Lawrence et al. 2015; Margalit
& Metzger 2017) and future detection of gravitational waves
from merging neutron stars might place more stringent con-
straints on this value (Harry & Hinderer 2018). The criterion
for identifying a black hole is therefore Mr − ∆Mr > 3M.
For NSLC binaries, the criterion for the mass is that
it has to be above the Chandrasekhar mass 1.4 M and
also below the mass of the most massive neutron star ever
detected - PSR B1957+20, with a mass of about 2.4M (van
Kerkwijk et al. 2011). The criterion for identifying a neutron
star is therefore 2.4M − ∆Mr > Mr > 1.4M + ∆Mr .
3.3 Gaia
3.3.1 Magnitude
Gaia can observe stars up to magnitude 20.
3.3.2 Mission Duration and Cadence
The Gaia mission is planned to last for five years, but can
possibly be extended by one to four more years (Prusti et al.
2016). In this study we assume a duration of just five years.
During this period, it will revisit each patch of sky about
seventy times on average. For this reason, like Hipparcos,
Gaia will not identify binaries with orbital periods above a
few years and below a month. Our choice for lower cutoff
for the period is the same as (Yamaguchi et al. 2018), but
different from (Breivik et al. 2017), who considered periods
as low as half a day. While the Gaia data can be used to
detect binaries with periods shorter than the cadence, in
such cases the period cannot be estimated accurately. For
this reasons we do not consider binaries with a period shorter
than the cadence in this study.
3.3.3 Precision of Proper Motion
The precision of proper motion of Gaia is between 50 and
100 times better than that of Hipparcos. The actual value of
the uncertainty depends on the magnitude of the luminous
companion (Prusti et al. 2016). We adopt a single standard
deviation as a threshold. The relation between precision of
proper motion and uncertainty in mass are given in equation
7.
4 RESULTS
In this work we describe a fiducial model similar to the
“curved” model described in Yamaguchi et al. (2018). We
prefer this model as our reference because it yields a black
hole mass distribution that is similar to observations and is
more physically motivated. We explore, in addition, three
variations to this model. The first variant is low αλ, where
we use αλ = 0.1 instead of αλ = 1 in our fiducial model. The
two other variants involve natal kicks, one with the same
velocity distribution as neutron stars, and another with the
same momentum distribution.
The break-down of the different models and the main
results are summarised in the table 1. All models considered
predict hundreds of BHLC binaries and thousands of NSLC
binaries with Gaia. The same models predict a marginal de-
tection of a BHLC binary with Hipparcos, and a few NSLC
binaries. Our results for BHLC detections with Gaia are in
accord with with (Yamaguchi et al. 2018). In the next sub-
sections we discuss the statistical properties of the different
species.
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4.1 Black Holes
Figure 1 shows the distribution of detected black hole masses
for each of the models. In all models most detected holes
have masses between 5 and 8M. The reason for that is that
on the one hand very massive black holes are rare and on
the other, for low mass black holes it is difficult to rule out
the possibility that they may be neutron stars.
Figure 2 shows the distribution of companion masses for
different models. We notice two populations in this distribu-
tion. The first is massive stars in binaries where common en-
velope never occurs, and the second is low mass stars where
common envelope does occur and the binary becomes very
tight. For this reason, reduction of the value of αλ completely
eliminates the low mass companions with tight orbits. Like-
wise, kicks are more effective at eliminating binaries with
low mass companions.
Figure 3 shows the distribution of periods for each of the
models. In the case of the fiducial model, the distribution of
periods is roughly uniform. Reducing the αλ parameter elim-
inates the tight low mass binaries, and natal kicks eliminate
some of all binaries, but the low mass tight binaries are more
sensitive.
Figure 4 shows the distribution of distances from earth.
All models peak at about 8 kpc, in accordance with Yam-
aguchi et al. (2018).
For completeness, we’ve also included distributions of
directly measured quantities in appendix B. These are the
magnitudes of the companions in figure B1, the ratios be-
tween the semi major axes and distance in figure B2 and the
amplitudes of the radial velocities in figure B3.
Our distribution of black hole masses is similar in shape
to (Breivik et al. 2017), but our distribution of companion
masses is different. Specifically, their companion mass distri-
bution peaks at low masses and declines with mass, and ours
exhibits two populations. The main differences are that we
take into account extinction and omit binaries with periods
shorter than a month, while (Breivik et al. 2017) considers
binaries with periods as short as 0.5 day (see section 3.3.2).
This explains why we predict much fewer detections than
(Breivik et al. 2017), and in particular faint low mass stars.
4.2 Neutron Stars
Figure 5 shows the distribution of companion masses for
NSLC binaries. Like for the case of black holes this distribu-
tion shows two population: massive star which haven’t un-
dergone common envelope and post common envelope low
mass companions on tight orbits.
Figure 6 shows the period distribution in NSLC bina-
ries. Like black holes, this distribution is relatively flat.
For completeness we’ve also included in appendix C the
distribution of distances from earth (figure C1), apparent
magnitudes of the luminous companions (figure C2), ratios
between the semi major axes and distances (figure C3) and
radial velocity amplitudes (figure C4).
5 CONCLUSIONS
In this work we give some predictions for the detection of
binaries with a single luminous companion with Gaia. Sim-
Table 1. Parameters of the different models and number of pre-
dicted detections of black hole - luminous companion binaries, for
both Gaia and Hipparcos missions.
fid al01 nkm nkv
αλ 1 0.1 1 1
kick model 0 0 Momentum Velocity
Gaia BH 150 90 80 50
Hipparcos BH 1.6 1.6 2.1 2.8
Gaia NS 2150 1000 700 500
Hipparcos NS 3.4 3.8 2.4 2.1
Figure 1. Distribution of masses for black holes observable by
Gaia, for each of the models. Blue is the fiducial model, orange
is low αλ, green is the kick model with the same momentum as
neutron stars, and red is kicks with the same velocity.
Figure 2. Distribution of companion masses in BHLC binaries
detectable with Gaia. Blue is the fiducial model, orange is low
αλ, green is the kick model with the same momentum as neutron
stars, and red is kicks with the same velocity.
Figure 3. Distribution of periods for BHLC binaries detectable
with Gaia. Blue is the fiducial model, orange is low αλ, green is
the kick model with the same momentum as neutron stars, and
red is kicks with the same velocity.
MNRAS 000, 1–8 (2015)
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Figure 4. Distribution of distance from earth for BHLC binaries
detectable with Gaia. Blue is the fiducial model, orange is low
αλ, green is the kick model with the same momentum as neutron
stars, and red is kicks with the same velocity.
Figure 5. Distribution of companion masses for NSLC binaries
detectable by Gaia. Blue is the fiducial model, orange is low αλ,
green is the kick model with the same momentum as neutron
stars, and red is kicks with the same velocity.
Figure 6. Distribution of periods for NSLC binaries detectable
by Gaia. Blue is the fiducial model, orange is low αλ, green is the
kick model with the same momentum as neutron stars, and red
is kicks with the same velocity.
ilar endeavours exist in the literature, but two novel ideas
that we introduce in this paper are (i) that similar methods
can be used to detect neutron star - luminous companion
systems (which are expected to be more numerous) and (ii)
that the data from Hipparcos can be used to constrains the
theoretical models.
Our fiducial model predicts a few dozen BHLC detec-
tions with Gaia, and about one detections with Hipparcos.
The last result is consistent with non detection by Hippar-
cos, due to uncertainties in the models and statistical fluctu-
ations. All other variants of the fiducial model have similar
properties. The corresponding predictions for NSLC binaries
are hundreds to thousands with Gaia and a few with Hip-
parcos. We emphasise that the numbers reported here only
apply to binaries where the Chandrasekhar mass is beyond
the dark companion’s mass error margin.
One of the challenges in this kind of work is estimating
the uncertainty. This is because this work is largely based on
poorly understood physics and empirical models calibrated
with incomplete data. One way to get an estimate for the un-
certainty is to explore the sensitivity of the results to changes
in the different model parameters. This was done in (Yam-
aguchi et al. 2018), and the conclusion was that while the
number of BHLC binaries might change by a factor of order
unity, the shapes of the distribution functions do not. The
results from Gaia, as well as future observations, are neces-
sary to refine these models and improve their precision.
To date, there are no reports of quiescent neutron stars
(i.e. neither pulsars nor accreting) in binaries. As for BHLC
binaries, there is one reported detection of a ≥ 2.5M mass
black hole candidate with a red giant companion (Thomp-
son et al. 2018). We note that another isolated black hole
candidate with mass of about 4 solar masses was detected
in the globular cluster NGC 3201 (Giesers et al. 2018). This
discovery is less relevant to this study, because stars in a
cluster are thought to have formed in a relatively short pe-
riod of star formation, whereas we are interested in the case
where star formation proceeds continuously. Another impor-
tant difference is that we neglect gravitational interaction
between stars that are not mutually bound, which is justi-
fied throughout most of the galaxy, but not in dense clusters.
Finally, this study predicts that by the end of its mis-
sion, Gaia will provide a great wealth of information on relics
of supernova remnants and the stellar collapse. More inter-
estingly, this study also suggests that there could be NSLC
and BHLC binaries that can be characterised in the Hippar-
cos catalogue. To date, most of the 105 Hipparcos objects
were identified, but about 101 objects without a valid astro-
metric solution (Perryman et al. 1997; Martin et al. 1997;
Martin & Mignard 1998; Martin et al. 1998) and so the pre-
dicted NSLC binaries could be some of those objects.
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APPENDIX A: POST MAIN SEQUENCE
Throughout the paper, we assume that the companion is in
the main sequence phase. Post main sequence phases like
the red giant branch and the asymptotic giant branch are
much shorter on the one hand, but much more luminous
on the other hand, so their contribution is not immediately
obvious.
The probability to detect a star at a certain phase is
proportional to the the time it spends in that phase T . At
distances smaller than the scale height of the galactic disc
the probability also scales with luminosity as L3/2. However,
at such small distances there are not so many stars to boot
(about 106) and they detectable with Hipparcos.
At distances larger than the disc scale height, the prob-
ability for detection scales as LT , or the total energy emit-
ted at a certain phase. For stars more massive than about
2M, the radiated energy is dominated by the main sequence
phase. Stars less massive than about 0.5 M have a lifetimes
longer than the age of the universe.
At such low companion masses, binaries with a large
separation that do not undergo common envelope evolution
have periods that are too large. Binaries that do undergo
common envelope evolution end up too close so their period
is too short. This is evident from the low mass cutoff in
figure 2.
Another problem with the post main sequence phase is
that, due to larger radius of the post main sequence com-
panion, tight binaries may experience Roche lobe overflow.
This effect further suppresses the contribution of post main
sequence and black hole binaries.
APPENDIX B: STATISTICAL DISTRIBUTIONS
OF DETECTED BHLC BINARIES
Given below are some statistical distribution of directly mea-
sured properties of BHLC binaries according to the different
models considered.
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Figure B1. Distribution of apparent magnitudes of the compan-
ion in BHLC binaries detectable with Gaia. Blue is the fiducial
model, orange is low αλ, green is the kick model with the same
momentum as neutron stars, and red is kicks with the same ve-
locity.
Figure B2. Distribution of ratios between the semi major axes
and distances for BHLC binaries detectable with Gaia. Blue is
the fiducial model, orange is low αλ, green is the kick model with
the same momentum as neutron stars, and red is kicks with the
same velocity.
Figure B3. Distribution of radial velocity amplitudes for BHLC
binaries detectable with Gaia. Blue is the fiducial model, orange
is low αλ, green is the kick model with the same momentum as
neutron stars, and red is kicks with the same velocity.
APPENDIX C: STATISTICAL DISTRIBUTIONS
OF DETECTED NSLC BINARIES
Given below are some statistical distribution of directly mea-
sured properties of NSLC binaries according to the different
models considered.
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Figure C1. Distribution of distances from earth for NSLC bina-
ries detectable by Gaia. Blue is the fiducial model, orange is low
αλ, green is the kick model with the same momentum as neutron
stars, and red is kicks with the same velocity.
Figure C2. Distribution of apparent magnitudes for NSLC bi-
naries observable by Gaia, for each of the models. Blue is the
fiducial model, orange is low αλ, green is the kick model with the
same momentum as neutron stars, and red is kicks with the same
velocity.
Figure C3. Distribution of ratios between the semi major axes
and distances for NSLC binaries observable by Gaia, for each of
the models. Blue is the fiducial model, orange is low αλ, green is
the kick model with the same momentum as neutron stars, and
red is kicks with the same velocity.
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Figure C4. Distribution of radial velocity amplitudes for NSLC
binaries observable by Gaia, for each of the models. Blue is the
fiducial model, orange is low αλ, green is the kick model with the
same momentum as neutron stars, and red is kicks with the same
velocity.
MNRAS 000, 1–8 (2015)
